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ABSTRACT 

What intrinsic properties shape the light curves of Type H supernovae (SNe)? To address this ques¬ 
tion we derive observational measures that are robust (i.e., insensitive to detailed radiative transfer) 
and constrain the contribution from ®®Ni, as well as a combination of the envelope mass, progenitor 
radius, and explosion energy. By applying our methods to a sample of type H SNe from the literature 
we find that ®®Ni contribution is often significant. In our sample its contribution to the time weighted 
integrated luminosity during the photospheric phase ranges between 8% and 72% with a typical value 
of 30%. We find that the ®®Ni relative contribution is anti-correlated with the luminosity decline 
rate. When added to other clues, this in turn suggests that the flat plateaus often observed in type 
H SNe are not a generic feature of the cooling envelope emission, and that without ®®Ni many of the 
SNe that are classified as H-P would have shown a decline rate that is steeper by up to 1 mag/100 
d. Nevertheless, we find that the cooling envelope emission, and not ®®Ni contribution, is the main 
driver behind the observed range of decline rates. Furthermore, contrary to previous suggestions, 
our findings indicate that fast decline rates are not driven by lower envelope masses. We therefore 
suggest that the difference in observed decline rates is mainly a result of different density profiles of 
the progenitors. 


1. INTRODUCTION 

Observations and modeling of supernova (SN) light in¬ 
dicate that the two most common power sources of the 
emission we observe are the radioactive decay of ®®Ni 
and the internal energy deposited in the envelope by 
the shock that unbinds the star (jWooslev et al.l 120021 
and references therein). The emission powered by the 
latter is known as the cooling envelope emission and 
it do minates the photosp heric phase in most type H 
SNe (iFalk fc Arnetd Il977f) that mark the explosion of 
a red supergiant (RSGj^ (iSmartt et al.l l2009t iSmartd 
I2009L and references therein). These are sub-classified 
into two sub-types based on the luminosity decline rate 
during that phase. If the photospheric phase shows no 
(or at most a moderate) decline the SN is classified as 
H- P while if the decli ne is faster it is classified as H- 
L (|Barbon et al.l 119790 . This classification is not well 
defined and different authors use different decline rates 
in diff erent bands in order to separate the two classes 
fe.g.. JPatat et al.lll994 lArcavi et al.ll20l3 iFaran et al.l 
l2ni4allHr Earlier studies suggested that the decline rate 
separ ates type H SNe into two distinctiv e populations 
('e.g.. lPatat et al]ll994 lArcavi et ^120120. Howe ver, re- 


cent studies | Andersc)ii et al.l l20M ;_Faxap_et_ajj_ 20L| 


iSanders et al.l 120151 . see however iPoznanski et al.ll20T 

suggest that there is a continuous distribution of decline 
rates, thus challenging the usefulness of this classifica- 
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® In the majority of type II SNe the photospheric phase seems 
to be dominated by cooling envelope emission. There are however 
exceptions. For example in type Il-b and 1987A-like SNe the pho¬ 
tospheric phase is dominated by radioactive decay of ®®Ni, while 
in type Il-n SNe interaction is likely to contribute significantly. 
Here we consider only SNe of types II-P and II-L referring to them 
simply as type II SNe. 


tion. In this paper we do not attempt to separate SNe 
into these two categories, using instead the measured de¬ 
cline rate to characterize each SN. 

Interestingly, there is no clear theoretical explana¬ 
tion for the origin of the difference in the decline rates 
(be it continuous or not), or to the correlation of the 
decline wit h other SNe properti e s such as the peak 
brightness (lAnderson et al.l 12014 l^ ran et all 120 14a) 
or spectral features (iSchlegell 119901 iFaran et al.l l2014a ; 
iGutierrez et al.l[2014f) . The most common, yet uncon¬ 
firmed, suggestion is that steeper decline rates are gen¬ 
erated by smaller envelope masses (e.g. . iBarbo n et al.l 
Il979l[^artz et al.lll991l : rBlinnikov fc Bartunovlll993[ l. 

Numerical modeling of RSG explosions that in¬ 
clude ®®Ni suggest that although cooling enve¬ 
lope emission dominates the photospheric phase, the 
power deposited by ^®Ni may have an observable 


effect also during that phase (e. 

g.. IFalk & Arnett 

1977 

; lYound 12004 lUtrobinI 120071 IJtrobin & Ghngai 

2009 

; Kasen & WooslevI 120091 Bersten et al.l 120111 

Dessart & Hillied 120111 IDessart et al.ll2013ri. The main 


effect of ^®Ni on the light curve is via the additional ra¬ 
diated energy, which results in a brighter emission. A sec¬ 
ond order ^®Ni effect is the increase in ionization fraction 
(and thus the opacity) of the envelope, thereby delaying 
the release of internal energy deposited both by the shock 
and by the ®®Ni itself. For any realistic distribution of 
®®Ni, its contribution to the observed emission increases 
with time during most of the photospheric phase (this is 
true even for a uniform ^^Ni mixing through the entire 
star; e.g.. lPiro fc Nakaill2013[l . This may make the final 
stages of the photospheric phase brighter, and possibly 
more extended. 

The purpose of this paper is to use observations of type 
H SNe to study the impact of ^®Ni decay on the photo¬ 
spheric phase emission. In particular we are interested 
in a quantitative measurement of the ®®Ni importance in 
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observed SNe and in separating ®®Ni contribution from 
that of the cooling envelope emission, which is powered 
by shock deposited energy. We pay special attention to 
the effect ®®Ni has on the light curve decline rate. 

The paper structure is as follows. In ^we use exact 
energy conservation arguments to derive a robust mea¬ 
surement of the contribution of ^®Ni during the photo- 
spheric phase, using the time-weighted integrated bolo- 
metric light curve. We also derive a measure of the cool¬ 
ing envelope emission alone (i.e., the one that would have 
been observed if there were no ®®Ni), which is directly 
related to its light curve shape. In section 0we apply 
these measurements to the bolometric light curves of a 
sample of SNe that were compiled from the literature 
and are described in ^ We show that ^®Ni is impor¬ 
tant in many SNe, and constrain the effect that ^®Ni has 
on the light curve shape. In ^ we test for correlations 
between the observables we introduce here and other ob¬ 
servables we obtain for our sample. Finally, in ^we use 
the time-weighted light curve to obtain a new global mea¬ 
surement that constrains the progenitor radius, envelope 
mass, and explosion energy, by rigorously subtracting the 
®®Ni contribution. We show that, contrary to previous 
suggestions, a faster decline rate is most likely not a re¬ 
sult of a lower envelope mass. We summarize our results 

ingZl 

2. SEPARATING THE 5®Ni CONTRIBUTION FROM THE 
COOLING ENVELOPE EMISSION 

We are interested in a well-defined observationally- 
based measure that can separate the contributions of 
cooling envelope and ^®Ni decay to the photospheric 
emission for a given bolometric light curve Lboi(t). In 
type II SNe there is a sharp drop in the light curve 
once the photosphere ends crossing the envelope, allow¬ 
ing a clear distinction between the photospheric phase 
and the ®®Ni tail. We denote this time as and 
in well observed SNe it can be determined to within 
10 d accuracy or better. At t > the diffusion time 
through the envelope is much shorter than t and there¬ 
fore Lboi(t > tNi) = Qmit > tNi), where 

QNi(t) = :^(6.45e“*‘'/®-®-kl.45e"*‘'/“^-^)xl0^^ergs"^ 
Mq 

. (1) 

is the instantaneous injection of energy into the ejecta 
due to the ®®Ni decay chain, td is time since the explosion 
in days. Escape of gamma-rays generated by the decay 
of ®®Ni is minor in type II SNe for some time after as 
evident from the ®®Ni tail observed decay rates, which are 
typically consistent with Eq. [T] Therefore, observations 
of the ®®Ni tail provide a rather accurate estimate of the 
total ®®Ni mass in the ejectcO, M^i- Once Mjvi is found, 
the ®®Ni injection rate of energy at any given time 

is determined using ([T]) (up to late times where gamma- 
ray escape becomes significant). Now we are faced with 
the following question - at early times t < how much 
of Lboi(t) was due to the cooling envelope and how much 
was due to <t)7 

There are a few challenges that do not allow a simple 
separation of the two contributions: 

Some gamma-ray escape may take place if ®®Ni is well mixed 
throughout t he envelope, which can lead to a slight underestimate 
of Mffi (e.g.. [Morozova et alj|2C)15ll . 


• Energy which is deposited at some time t' is re¬ 
leased at an unknown later time t. 


• The opacity depends on the temperature and com¬ 
position and is thus affected in a non linear way by 
the contribution of the two energy sources. 

• There are continuous adiabatic losses so that the 
emitted energy is smaller than the injected energy. 


Let us imagine first that the ejecta were not expanding, 
so that there were no adiabatic losses. In such a case, we 
would know that the total emitted energy f Lboi dt has 
to be the sum of the shock deposited energy and the 
integrated injected energy f Qj^i(t)dt. Since we know 
Tboi(t) and we would be able to determine each 

of the contributions. Note that this separation would be 
based on total energy conservation and would thus not 
depend on the difference between deposited and released 
times nor on the effect of ^®Ni decay on the opacities. If 
we were to apply the same energy conservation argument 
to an expanding ejecta it would fail due to the significant 
and unknown adiabatic losses. 

A way to follow the conservation of total energy in an 
expanding eje cta was recently realized in the context of 
type la SNe (jKatz et al.ll20I3ll and we apply the same 
method here. The idea is that for non-relativistic ho¬ 
mologous expansion, where the energy is dominated by 
radiation, adiabatic losses do not affect the product 
where Er is the energy in radiation that is trapped in 
the ejecta and t is the time since explosion. Thus we can 
separate the contributions by using the time-weighted 
emission f t Lboi dt. 

For clarity we repeat here these arguments and ex¬ 
tend them to include the cooling envelope emission which 
is negligible in SNe la. During the homologous phase, 
which starts in the case of RSG progenitors about a day 
after the explosion, the derivative of the internal energy 
(which is dominated by radiation) in the outflow satisfies: 


dEr{t) 

dt 


^ + QNi(t) — ibol(t)- 


( 2 ) 


The term —Er/t is the total rate of adiabatic losses. Af¬ 
ter rearranging the equation, multiplying both sides by 
t and integrating over t from 0 to one obtains: 


ptNi ptNi 

I ^ ^bol dt = E-p oto I t 

Jo Jo 


(^Ni dt^ 


( 3 ) 


where to is the time at which the homologues phase be¬ 
gins, Erfi = Er{to) and we used the fact that the con¬ 
tribution at t < to to the integral on the r.h.s of the 
equation is negligible. We also used the fact that at late 
enough time t > t^i the diffusion time through the en¬ 
velope is much shorter than t and therefore Ert —)> 0. 
On the left hand side of Eq. dS]), we have the total 
(time weighted) energy released. On the right side we 
have the total (time weighted) energy deposited, where 
we separated contributions from the ^®Ni decay chain 
Jq^' t Qni dt and from the shock deposited energy Erflto 
(just like in the hypothetic static case, but with time 
weights). The measurable parameter Er^tg is of interest 
by itself as it is related directly to the progenitor struc¬ 
ture and mass and to the explosion energy. We explore 
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this relation in iShussman et all (|2016D . We use their re¬ 
sults here (section [ 6 ]) to study the sample of SNe that 
we compile in section [3] We use here the notation of 
iShnssman et al.l (j201(Tll for Er^to: ET = Er^to 

Next, we define Lg as the luminosity that would 
have been seen if there were no ®®Ni present in the 
ejecta. Since without ®®Ni Lboi = Le, Eq. ([3]) implies 
tLedt = Erfito- This in turn implies that when ®®Ni 
does exist (but Eg is still the hypothetical luminosity 
when it does not): 

POO ptfCi /*tNi 

ET = tLedt= t Lboi dt— t Qni dt. (4) 
JQ Jo Jo 

An observable measure of the ®®Ni contribution to the 
emission during the photospheric phase {t < <Ni) can 
be defined as the ratio of the (time weighted) energy 
deposited by ®®Ni decay to the shock deposited energy 
(multiplied by to): 

^ C'tQmdt ^ ^ J^^'tQmdt 

Erfito Jq t Le dt t (Lbol — Qm) dt 

(5) 

? 7 Ni ^ 1 implies that shock deposited energy is the main 
power source and cooling envelope emission dominates 
during the entire photospheric phase. ryNi ^ 1 indi¬ 
cates that ®®Ni decay dominates the energy output dur¬ 
ing most of the photospheric phase. When ~ 1 
the two power sources have a comparable contribution 
where cooling envelope dominates at early time and ®®Ni 
is more dominant near the end of the photospheric phase. 

Finally, we define another dimensionless observable: 

A _ -^6,25 • (80 d)^ _ L25-(80d)^ 

J^-tLedt "/‘-t(Lbol-QNi)dt’ 

where Te ,25 and L 25 are the hypothetical Le and the ob¬ 
served Lboi on day 25, respectively. As the ®®Ni effect 
on Lboi is expected to be negligible on day 25 we assume 
that Le ^25 = T 25 . The rational behind this definition 
is that Ae is an observable that depends purely on Le- 
Being the ratio between Te ,25 and the time-weighted in¬ 
tegrated Le it measures a combination of the decline rate 
and duration of the light curve had ^®Ni been absent. In 
section|3]we discuss its interpretation in more detail. The 
constant (80 d)^ is inserted to make Ag a dimensionless 
parameter of order unity, where the specific choice of 80 d 
is explained in section U) 

We therefore have defined three observables, r^Ni, Ae, 
and ET, that will allow us to separate and evaluate the 
relative contributions of the cooling envelope and ®®Ni to 
a given light curve. 

3. THE SAMPLE 

We compiled from the literature 24 well observed 
type II SNe for which detailed bolometric or pseudo- 
bolometric0 light curves are available. The light curves 
are taken from the references in tables [T] and [3] and are 

® We refer to light curve as bolometric if it includes bolometric 
corrections (e.g., via blackbody fits) that account for light that falls 
out of the observed bands. Pseudo-bolometric light curves account 
only for the light seen in the observed bands. 


based on the distances and extinctions used in each refer¬ 
ence. An exception is SN 20I3by for which we computed 
the bolometric light curve o urselves based on bl ackbody 
fits to the photometry from IValenti et al.l (|2015D assum¬ 
ing no significant extinction and taking a distance mod¬ 
ulo = 30.84. For a SN to be included in our sample, we 
required a reasonable coverage of the photospheric phase, 
namely first detection less than 30 d after the estimated 
time of explosion, and several data points along the pho¬ 
tospheric phase that enable a reasonable constraint on 
the luminosity evolution during that phase. We further 
required at least two measurements along the ®®Ni tail 
so that the mass of ^®Ni could be constrained. 

The analysis in this paper is sensitive to the light curve 
starting about 20 d after the explosion (we verify that 
below) and up to the ®®Ni tail. At these times most of 
the observed light is in the optical and IR. All the light 
curves we compile include the light emitted in the optical 
bands but some are missing the IR light. We therefore 
divide the 24 SNe to two samples. The first is composed 
of 13 SNe for which the published light curves provide a 
good approximation to the true bolometric light at the 
time of interest. These are light curves that include bolo¬ 
metric correction or pseudo-bolometric light curves that 
are base on UV/Opt/IR or Opt/IR light. We refer to 
this sample as the bolometric sample. The SNe in this 
sample and their properties are given in table [TJ The sec¬ 
ond sample has 11 SNe where IR luminosity is missing, 
and thus their light curves may miss a significant frac¬ 
tion of the emitted luminosity. We refer to this sample 
as the optical sample, and its SNe are listed in table [3J 
As described below we first derive the observables of the 
bolometric sample and then, based on the results of the 
bolometeric sample, we derive properties of the optical 
sample that can be used for our analysis. 

For each SN in the bolometric sample we estimated 
first the ^®Ni mass based on the luminosity during the 
tail, and on equation [1] assuming that Q(t > tNi) = 
Tboi(^ > ^Ni)- In all but two SNe, the ®®Ni tail evolved 
as expected, namely a decay at a rate consistent with 0.98 
mag/100 d. The light curves of SNe 2005cs and 2007od 
do not follow the expected evolution. We cautiously kept 
them in the sample, using the observed tail to get a rough 
estimate of the ®®Ni mass for SN 200 5cs and a value take n 
from the literature for SN 2007od (|Inserra et al.l[20Tll) . 
where dust may strongly affect the observed tail luminos¬ 
ity. The ®®Ni masses that we find are given in table [TJ 
The mass found for each SNe is very similar to the value 
derived in the paper from which we took the SNe light 
curves (always within the uncertainly and up to 10-20% 
from the best estimated value). 

Next we determined ^Ni for each SN. This can be done 
accurately (to within ±10 d) in all SNe but one (SN 
2012 aw), where tm was taken between the last data point 
of the photospheric phase and the first data point on the 
®®Ni tail (see table |T] for details). For each SN we found 
the luminosities at days 25, 50, and 75 denoted as L 25 , 
±50 and ±75 respectively, by linear interpolation (in t — 
log[L] space). As a measure of the decline rate we define 
AM 25-75 = —2.5 log7o(±75/±25)- We then calculate TyNi, 
Ae and ET for each SN. 

For all SNe with available spectra we measure the 
ejecta velocities, and in a single case (SN 2009md) we 
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TABLE 1 

The bolometric sample - observed SNe with bolometric or opt/IR luminosity 


SN 

t?Ni 

2.51og(Ae) 

AM25-75 

ET 

[3 ■ 10®®ergs] 

A 25 A 50 

[lO^^erg/ 

A75 

s] 

tNi 

[d] 

[O.OIMq] 

L typett 

[km/s] 

Ref. 

1999em 

0.54 

0.55 

0.17 

1.34 

14 

12 

12 

136 

4.7 

bol 

3280 

1 

1999gi 

0.63 

0.66 

0.33 

1.37 

16 

13 

12 

130 

5.8 

bol 

3700 

1,2 

2003hn 

0.31 

1.3 

0.85 

1.16 

23 

13 

11 

110 

3.2 

bol 


1 

2004et 

0.43 

0.77 

0.53 

1.83 

23 

16 

14 

136 

5.0 

UBVRIJHK 

4020 

3 


(0.32) 

(0.85) 

(0.70) 

(1.23) 

(17) 

(10) 

(8.8) 

(136) 

(2.5) 

(UBVRI) 



2005cs“ 

0.26 

0.08 

-0.09 

0.28 

1.9 

2.0 

2.1 

130 

0.5 

bol 

1980 

4 


(0.15) 

(0.11) 

(0.01) 

(0.17) 

(1.2) 

(1.1) 

(1.2) 

(130) 

(0.17) 

(UBVRI) 



2007od“ 

0.12 

0.97 

0.87 

2.12 

32 

22 

15 

112 

2.0 

uvoir 

3130 

5 

2009N 

0.61 

0.67 

-0.04 

0.40 

4.6 

5.1 

4.8 

112 

2.0 

bol 

2580 

6 


(0.45) 

(0.68) 

(0.09) 

(0.21) 

(2.5) 

(2.5) 

(2.3) 

(112) 

(0.8) 

(BVRI) 



2009ib 

2.6 

1.1 

0.1 

0.29 

5.2 

4.8 

4.7 

142 

4.6 

uvoir 

3090 

7 

2009md 

0.28 

0.59 

0.26 

0.23 

2.4 

2.2 

1.9 

121 

0.5 

UBVRIJHK 

2000 '= 

8 

2012A 

0.29 

0.91 

0.56 

0.42 

6.1 

4.6 

3.6 

117 

0.9 

uvoir 

2840'" 

9 

2012 aw'’ 

0.49 

0.56 

0.31 

1.52 

16 

13 

12 

135 

4.9 

uvoir 

3890 

10 

2012ec 

0.57 

0.88 

0.18 

0.73 

10 

9.3 

8.8 

112 

3.5 

UBVRIJHK 

3370 

11 

2013by 

0.2 

1.2 

1.19 

1.66 

33 

25 

11 

104 

2.9 

bol 


12, 13 


1. iBersten & Hamuvl d200g|^ 2. iLeonard et al.l d2002ft 3. iMaguire et al.l d201C)l) 4. iPastorello et all d200g|^ 5. Ilnserra et al.ld201lD 6. iTakats et al.l 
d2014|^ 7. ITakats et all d2015d^ 8. iFraser et al.| J2011h 9. iTomasella etall d2013t) 10. iDalPOra et all J2014D 11. iBarbarino et ^ d2015r) 12. 
IValenti et al.| d2015n 13. This paper 

Derived based on comparison of Eq. [^to the observed luminosity, without additional bolometric corrections (see text). 

‘bol’ light curves include bolometric correction factor or calculated based on blackbody fits. All other types are the integrated luminosity 
in the observed bands without additional bolometric corrections. 

Typical velocity error is of order 200 km/s. 

^ Inaccurate Mni. The tail does not follow the decay rate predicted by ®®Ni decay, making the estimate of the ^^Ni mass less accurate. In SN 
2007od, where dust may affect the tail emission, we use the ^®Ni mass estimates from finserra et al ] (EonD. 

^ Sparse data. The transition time to the ^®Ni tail is not observed. It is between 130 d (during the sharp fall near the end of the photospheric 
phase) and 286 d (first data point in the tail). Here we take tNi = 135 d. 

^ ^50 is taken from the literature. 


TABLE 2 

The optical sample - observed SNe with UV/opt or optical only luminosity 


SN 

mi 

2.51og(Ae) 

AM25-75 

1^25 1^50 

[10'*^erg/i 

L 75 

A 

iNi 

[d] 

[O.OIMq] 

L typett 

Ref. 

[km/s] 

1992H“ 

0.71 

1.1 

0.70 

17 

11 

9.0 

142 

4.2 

BVR 

1 

1995ad® 

0.4 

1.4 

0.83 

9.1 

6.2 

4.2 

98 

1.5 

UBVRI 

2 

2001dc 

0.43 

0.82 

0.35 

0.90 

0.73 

0.65 

120 

0.22 

BVRI 

3 

2003Z= 

0.27 

0.57 

0.24 

0.95 

0.84 

0.76 

130 

0.21 

BVRI 

4 

2004A 

0.63 

0.68 

0.06 

4.4 

4.3 

4.2 

120 

1.75 

BVRI 

5 

2008in 

0.39 

0.96 

0.53 

2.8 

2.1 

1.7 

115 

0.55 

BVRI 

6 

2009bw 

0.17 

0.64 

0.77 

13 

7.8 

6.6 

140 

1.2 

UBVRI 

7 

2009dd 

0.46 

1.1 

0.83 

12 

7.3 

5.5 

130 

2.1 

UBVRI 

2 

2010aj 

0.09 

1.3 

1.05 

11 

7.5 

4.3 

94 

0.5 

UBVRI 

2 

2013ab 

0.47 

1.2 

0.71 

13 

8.1 

6.8 

116 

2.6 

uvo 

8 

2013ej 

0.16 

1.4 

1.27 

19 

8.8 

6 

112 

1.1 

uvo 

9 


1. IClocchiatti et i2014f) 2. Inserra et al.| l |2013D 3. IPastorello et ^ |[20 p^ 4 . 

ISpiro et al.l i2014D 5. iHendrv et al.l ll2006f) : IMaguire et al, ll2010n 6. iRov et al.l (1201 Ih 7. Ilnserra et al.l (120121) 
8. I Bose et al.l ll2015ali 9. iBose et al.l i2015bfl 


The ^®Ni mass used to calculate r^Ni and Ag. It is derived based on comparison of Eq. [^to the observed 
optical luminosity, without additional bolometric corrections. It is therefore lower than the true ^®Ni mass in 
these SNe. Yet, it is the more accurate value to use when calculating ?7Ni and Ae in SNe where only optical 
(and possibly UV) luminosity is available (see text). 

Luminosity is integrated over the observed bands without additional bolometric corrections. 

^ Sparse data. A gap in the data between 65 d (on the plateau) and 113 d (during the sharp fall near the end 
of the photospheric phase). Luminosity at 75 d is estimated by extrapolation of the data at 56 d and 65 d. 

^ Sparse data. A gap between 25 d and 66 d (both on the plateau) and another gap between 66 d and 98 d 
(at the end of the sharp fall or already on the ^®Ni tail). Luminosity at 50 d is estimated by interpolation of 
the data at 25 d and 66 d while luminosity at 75 d is estimated by extrapolation of these two data points, 
is taken as 98d. 

^ Sparse data. First data point at 29 d. Luminosity at 25 d is estimated to be the same as at 29 d. The 
transition time to the ^®Ni tail is not observed. It is between 116 d (last data point on the plateau) and 153d 
(first data point in the tail). Here we take fNi = 130 d. 
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take it from the literature (spectra for the majority of the 
SNe were obtained from WISEREP: I Yaron fc Gal- Yard 
nnn). These velocities are used in section m Tradi¬ 
tionally, the Eell A5169 absorption line velocity, as mea¬ 
sured in mid-plateau, is considered a good proxy for the 
velocity of the photosp here (e.g., iSchmutz et all 
iDessart fc Hillieij 1200^ Br i efly, as often done before 
(IPoznanski etall^oiM IM(1 [20lll . we cross correlate 
the spectra with a library of high signal-to-noise spectra 
for which the velocity of the A5169 line has been mea¬ 
sured directly. The velocity from the cross-correlation 
and its uncertainty are then propagated to day 50 past 
explosion, following iNueent et al.l (120061) . who showed 
that photospheric velocities of SNe ITP follow a tight 
power law relation. We use the improved d etermination 
of the p hase dependanc e of the velocity by lEaran et al.l 
(j2014bl) . We note that lEaran et al.l (j2014ari found that 
SNe ITL have a different, slower, velocity evolution, with 
some scatter. As a result, our calculations may slightly 
underestimate the velocity for such SNe. 

We can use the bolometric sample to evaluate the ac¬ 
curacy of observables that are derived based on light 
curves that lack IR luminosity. We repeat the derivation 
described above for three of the SNe in the bolometric 
sample, where UBVRI (or BVRI) and bolometric light 
curve are provided in the same paper (i.e., using the same 
data, estimated distance and extinction). The derivation 
of all the observables is done as if the optical light curve 
is bolometric. Namely, M^i is derived by comparison of 
the optical light in the ®®Ni tail to equation [U while ryNi 
and Ae are calculated by time integration of the opti¬ 
cal light. Comparison of the quantities derived based on 
optical light alone to those derived based on bolometric 
light show that in all observables that are linear with the 
luminosity (i.e., T 25 , 50 , 75 j and ET) the usage of opti¬ 
cal light only leads to an underestimate by about a factor 
of 2, and in some cases even by a factor of 3. However, 
the difference in the dimensionless observables is much 
smaller - a moderate factor of ~ 1.2-1.4 in the mea¬ 

surement of ryNi, a difference of 0.01-0.08 in 2.51og(Ae) 
and a difference of ~ 0.1 mag/50d in AM 25 _ 75 . The 
reason that these dimensionless quantities are rather ac¬ 
curate also when only optical light is considered is that 
they are basically a ratio of the luminosities observed at 
different times and therefore they are insensitive to the 
absolute value of the missing bolometric correction fac¬ 
tor. Instead they are only sensitive to the time evolution 
of the correction factor, which turns out to be not too 
large. Based on these results we restrict the usage the 
optical sample in our analysis to dimensionless quanti¬ 
ties. These are given in table [2l We also provide, for 
completeness, the value of the ®®Ni mass we use for the 
derivation of rjm and Ae, although these are not the true 
®®Ni masses in these SNe as they are derived using the 
optical light curves as if they were bolometric. 

Einally, in order to test the effect of missing data at 
early time (in about half of the sample the first data 
point is around day 20), as well as the effect of missing 
UV light, we used 8 SNe in our two samples, for which 
data starts no more than 10 d after the estimated time of 
explosion. We compared and ET (the only two quan¬ 
tities affected by early data) of these SNe when measured 
with and without the data before day 20. The typical 
difference in is < 10% and in ET it is < 20%. We 


therefore conclude that the effect of missing early data 
and/or UV light is not a major source of uncertainty. 
This result also implies that the uncertainty in the esti¬ 
mated time of explosion (which is typically better than 
10 days) also does not introduce a significant uncertainty 
to the quantities we measure. 

4. 56^; CONTRIBUTION IN OBSERVED TYPE II SNE 

The values of jyNi in our sample are all, except one, in 
the range 0.09-0.71, with most SNe having yyNi = 0.3—0.6 
(tables [Hand[5]). The exception is SN 2009ib with = 
2.6. The fraction of the time weighted integrated lumi¬ 
nosity that is contributed by ^®Ni is {Vi * ■ ' 

Thus, the observed values of ?7Ni in our sample (0.09-2.6) 
imply that the range of ®®Ni contribution to the time 
weighted integrated luminosity is 8%-72% with a typi¬ 
cal value of 30%. These values indicate that ®®Ni has a 
non-negligible contribution to the photospheric emission 
for most of the sample. But what is this effect on the 
observed light curve and can it be quantified? 

T^Ni and Ae have the advantage of being observables 
that are independent of radiative transfer. But, for that 
they must be integrals and as such they do not hold in¬ 
formation on the exact shape of the light curve. Namely, 
knowing their values does not enable us to determine ex¬ 
actly how the light curve would have been looked like if 
there were no ®®Ni. The reason is that in order to re¬ 
move the ^®Ni contribution we need to know the exact 
®®Ni distribution and to calculate its effect on the radia¬ 
tive transfer. Yet, ryNi and Ae can provide quantitative 
constraints on the effect of ^®Ni on the observed light 
curve. 

To obtain that, we use the expectation that ®®Ni is pro¬ 
duced in the core and that its fraction drops, or at most 
remains constant, with radius. This implies that the rel¬ 
ative contribution of ®®Ni increases with time, reaching 
a peak near the end of the photospheric phase. Thus, 
the effect of ®®Ni on the light curve can be either flat¬ 
tening (i.e., reducing the decline rate) or extending the 
duration of the photospheric phase (or a combination of 
both effects). In Fig. (|T|) we sketch the two extreme 
possibilities of ®®Ni effect on the light curve. The first 
is that ®®Ni is extending the plateau duration without 
affecting the decline rate. In this case the cooling en¬ 
velope contribution underlying the combined ‘observed’ 
light curve would have looked like the dashed red line in 
Fig. dH). Alternatively, ^®Ni could make the last stages of 
the plateau brighter (i.e., making it flatter) without sig¬ 
nificantly affecting the plateau duration, and the cooling 
envelope emission would look like the dotted blue line in 
Fig. (P. The true effect is a combination of the two, 
but what is the actual possible effect in each scenario 
and which one is more likely to be the dominant? To 
address this question we consider each scenario in some 
detail and estimate (quantitatively) its possible effect on 
the SNe in our sample. 

First, consider the possibility that ®®Ni only extends 
the plateau without significantly affecting its decline 
rate. Namely, ®®Ni does not affect the light curve up to 
the time that Lg starts fading, at which point it becomes 
the main power source, thereby extending the plateau. 
This behavior is expected to dominate when ®®Ni is con¬ 
centrated in the core and is not well mixed into the en- 






























6 



Fig. 1.— A schematic illustration of the two effects that ^®Ni 
can have on the light curve for the same value of the contribution 
fraction r)^[. The black solid line is the observed bolometric light 
curve. The red dashed line is a sketch of the cooling envelope 
emission if the main effect of ^®Ni is to prolong the plateau. This 
scenario is is more likely if ^®Ni is concentrated in the core. The 
blue dotted line is a sketch of the cooling envelope emission if 
the main effect of the ^^Ni is to flatten the slope of the plateau. 
This effect is expected to dominate if ^®Ni is mixed through the 
envelope. The actual effect is most likely a combination of both. 

velope. Then, the luminosity generated by ^^Ni power 
diffuses to the observer only after almost all the shock 
deposited energy has already been leaked out of the en- 
velop43- If the plateau is flat (i.e., Lboi is constant) then 
the relation between ?7Ni d,nd the plateau extension in 
this scenario is analytic. Denoting tp and tp^e as the du¬ 
rations of the plateaus of Lboi and Le, respectively, then 

in this scenario t where from Eqs. ([T]) 

Jq ^ t Le dt ^p,e 

and ([5]) we find = (1 + ??Ni) • Thus, in this 

Jq t ±J ^ dt 

case tp = tp,e(l + = (1-15 — 1.25)tp_e, where the 

final equality is for rjm = 0.3 — 0.6. Assuming instead 
Lboi with a constant decline rate of 1 [2] mag/lOOd and 
tp Ki 100 d, the observed range ? 7 Ni = 0.3 — 0.6 corre¬ 
sponds to tp = (1.2 — 1.35)<p_e [tp = (1.25 — 1.5)tp_e]. 

Next, we consider the other extreme possibility, namely 
that the plateau duration is not affected by ^®Ni (or 
tp = tp^e) and that instead the ^®Ni changes only the 
luminosity along the plateau. Since ^®Ni is always negli¬ 
gible at early times the effect must be an increase in the 
luminosity at late times, namely more ®®Ni results in a 
flatter (or even rising) plateau. This is the effect which 
is expected to dominate if ®®Ni is well mixed throughout 
a significant fraction of the envelope. Efficiently mixed 
®®Ni generates luminosity that diffuses to the observer 
at earlier stages, simultaneously with the cooling enve- 


® An example of this scenario, as w ell as a discussion on th e 
effect on the plateau duration, is given in IKasen fc WooslevI II2009I '). 
Their figure 2 presents numerical modeling of the light curve of a 
supernova with varying amounts of ®®Ni (including no ®®Ni). Since 
the ®®Ni in their modeling is concentrated towards the center of the 
ejecta, the light curve of the different cases deviates significantly 
only at late times, and ®®Ni is found to significan tly extend the 
platea u. Another example can be seen in figure 12 of IBersten et al.1 
il2011l l. that compares numerical modeling of three cases: without 
®®Ni, with ®®Ni concentrated near the center, and with ®®Ni evenly 
mixed throughout the envelope. The first and the second cases 
show a similar light curve up to the point where Le fades and the 
®®Ni power becomes the dominant energy source. 



Fig. 2.— 2.5 log]^g(A) as a function of AM25—75 (top) and 
2.5 log]^g(Ae) (bottom). Blue circles are SNe with detailed light 
curves and tight constrains on Mjvi. Red pentagrams are SNe 
with sparse light curves (SNe 1992H, 1995ad, 2003z and 2012aw), 
while black hexagrams are SNe with large uncertainty in (SNe 
2005cs and 2007od). Filled symbols are SNe from the bolometric 
sample (Table [TJ. Empty symbols are SNe from the optical sam¬ 
ple (Table O' The solid lines are the best linear fits. In the top 
panel it is AM25-75 = 2.5 log]^Q(A) and in the bottom panel it is 
2.5 logio(Ae) = 0.44 -h 0.82 ■ 2.5 logio(A). 


lope emission. Without the cooling envelope emission, 
the ®®Ni generated luminosity would have looked in this 
case like a broad peak (similar to that observed in SN 
1987A). The main effect on the plateau duration is then 
via increase in the envelope opacity. The flattening effect 
on ^®Ni is seen clearly in the n umerical light curve o f the 
fully mixed case in figure 12 of IBersten et al.l (| 2011 h . 

The change in the decline rate that ®®Ni induces in 
this case can be estimated using Ag, which is a ratio 
between the luminosity at early time (day 25) and the 
time-weighted average luminosity. Thus, if the duration 
of the plateau is roughly constant in all SNe then we 
expect Ae to be a measure of the decline rate of L^. To 
verify this, and to calibrate Ag, we define its bolometric 
luminosity counterpart: 


L 25 ■ (80 d) 

'C^tiZ^t 


Fig. m shows the tight linear correlation between 
AM 25-75 and 2.5 logio(A), which is consistent with 
AM25-75 = 2.5 logiQ(A) (the constant (80 d)^ in the def¬ 
inition of A and Ag was chosen to obtain this equality). 
Thus, 2.5 logio(A) is a good estimator of the observed 
decline rate (in units of mag/50 d) and if the ®®Ni does 
not affect the plateau duration then Ae is a good estima¬ 
tor of the decline rate of Lg. 

Fig. ([2]) also shows 2.5 logig(Ae) as a function of 
2.5 log]^Q(A). The measured values are narrowly dis¬ 
tributed around 2.5 logiQ(Ae) = 0.44-|-0.82 • 2.5 logiQ(A) 
(with the exception of SN 2009ib). This implies two in¬ 
teresting points. First, in this scenario the ^®Ni reduces 
the decline rate in fiat SNe (with small A) by about 1 
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mag/100 d, while SNe with fast decline (large A) are less 
affected. For the majority of the SNe in our sample the 
flattening in this scenario is in the range of 0.5-1 mag/100 
d. Second, the tight correlation between A and Ag indi¬ 
cates that while ^®Ni affects the observed decline rate, 
it is not the only source for the difference between SNe 
in the observed decline rates. Namely, different observed 
decline rates often reflects different decline rates of the 
cooling envelope emission. 

The two scenarios discussed above provide bounds to 
the effect of ^®Ni on the light curve. In reality it is a com¬ 
bination of both (i.e., both a flattening and an extension 
of the plateau), where the relative importance depends 
on the level of ®®Ni mixing in the envelope. Yet, there are 
several lines of evidence that support that flattening is 
significant, and possibly the dominant effect on the light 
curve: 

(i) Flattening is expected if ^®Ni is well mixed through 
the envelope. The best clue regarding ®®Ni mixing in SN 
explosions of progenitors with massive hyd rogen-rich en¬ 
velop es is SN 1987A and similar events le.g. lKleiser et all 
l 2011 fl . which have progenitors with similar masses and 
composition but smaller radii than those of regular type 
II SNe. The handful of SNe of this type that were well ob¬ 
served are all showing rather similar light curves, which 
often lo ok like a clone of SN I9 87A up to a normalization 
factor (|Pastorello et al.ll2012L and references therein). 
Detailed light curve modeling of SN 1987A favor an ef- 
ficient ^^Ni mixing throughout the hydrogen envelope 
fe.g.. iShigevama fc Nom(^ll99flHBlinnikov et ahll^OOd : 

lUtrobin et al.ll20flb 

(ii) The first scenario - no ^®Ni mixing and a signifi¬ 
cant extension of the plateau - requires a fine tuning of 
the amount of ®®Ni. The reason is that the photospheric 
phase can be separated in this case into two phases - 
first a cooling envelope phase where ®®Ni is negligible 
and later a ®®Ni dominated phase. The luminosity of 
the two phases depends on different explosion parameters 
(the first phase is determined mostly by the progenitor 
radius and to some extent by the explosion energy and 
progenitor mass, while the second phase depends only 
on the amount of ®®Ni mass). Therefore, without finely 
tuning the amount of ®®Ni, a transition between the two 
phases is expected to be observed during late stages of 
the plateau, either as a bump if there is too much ®®Ni 
or a dip if there i s not enough. This can be seen in 
iKasen fc Woosle\^ (l2009f ) (their Fig. 2) where M^i is 
varied by a factor of 4 (and so does 77Ni between 0.5 and 
2). This variation is enough to change the light curve 
from a dip near the end of the plateau to a bump. In our 
sample the plateaus do not show any transition between 
two phases, even though the ^®Ni contribution varies sig- 
nihcantly (? 7 Ni = 0.09 — 2.6) including a case where ®®Ni 
dominates the photospheric light curve. 

(iii) In the second scenario, where ®®Ni is well mixed, 
its contribution becomes significant earlier, near the mid¬ 
dle of the plateau (if SN1987A is a reasonable example 
for ^®Ni contribution then around day 50), and from that 
point, both ®®Ni and cooling envelope are significant until 
the plateau ends. Thus, instead of a transition between 
the two phases, a flattening is expected to be seen around 
the middle of the plateau. Such a flat tening is indeed 
observed in many SN light curves (e.g., lAnderson et al.l 


|20I4 the transition from si to s 2 in their notation). 

(iv) Each scenario predicts different correlations be¬ 
tween observables. If ®®Ni results in flattening of the 
light curve then an anti-correlation is expected between 
the importance of ®®Ni contribution (t^ni) and the decline 
rate. On the other hand, if ^®Ni extends the plateau no 
such anti-correlation is expected and instead a correla¬ 
tion between ? 7 Ni and is predicted. As we show in the 
next section we find a highly significant anti-correlation 
between jyNi and AM 25_75 and at most a weak correla¬ 
tion between ryNi and ^Ni- 

These arguments are all suggesting that 2.5 logio(Ae) 
is not only an upper limit on the decline rate of the light 
curve without ^®Ni, Le, but that it also provides a rough 
estimate of this decline rate. 

To conclude, ®®Ni contribution to the photospheric 
emission is significant in type II SNe, although in most it 
is not the main source of the observed luminosity. Typi¬ 
cally it contributes around 30% of the time weighted in¬ 
tegrated luminosity, but in some SNe it contributes less 
than 10% and in the extreme case of SN2009ib it con¬ 
tribute 72%. This contribution flattens and extends the 
plateau. In typical SNe, the maximal possible extension 
of the plateau is by about 25% while the maximal possi¬ 
ble flattening is by about 1 mag/100 d. The actual effect 
is a combination of both, however, several line of evidence 
suggest that flattening is significant. Finally, while ^®Ni 
most likely affect the decline rate of the plateau, the ob¬ 
served range of decline rates is clearly dominated by the 
decline rates of the cooling envelope emission and cannot 
be a result of ®®Ni alone. 

5. CORRELATIONS BETWEEN OBSERVABLES 

Table [3] list the significance of correlations (and anti¬ 
correlations) between every two observables listed in ta¬ 
bles [1] and [21 Here we focus on the correlations of the 
two new dimensionless observables that we introduce, ryNi 
and Ae, which are relevant for the effect on ®®Ni on the 
light curve. 

77Ni does not show a significant correlation to most of 
the observables. Specifically, it seems to be uncorre¬ 
lated with Ae, which is a measure of the cooling envelope 
shape, and with the plateau luminosity L 25 , L 50 and L 75 
(see illustration in figure [3]). It also shows no correlation 
with ET, ET ■ V 50 and ET/v^q (see discussion in sec¬ 
tion ED. A marginally significant correlation (probability 
of no correlation 0.05) is seen with the plateau duration 
and a slightly more significant correlation (probability of 
no correlation 0 . 02 ) with M^i (see figure |SD- 

The only highly significant finding (probability of no 
correlation 0.003) is an anti-correlation with the bolomet- 
ric decline rate between days 25 and 75, AM 25 _ 75 . Fig. 
([3D shows a scatter plot of 77Ni vs. AM 25 _ 75 . A roughly 
linear anti-correlation is clearly seen. Namely, the role 
of ®®Ni during the photospheric phase is more prominent 
in SNe with a smaller decline rate (a ‘hatter’ plateau). 
The scatter around the correlation is considerable and it 
is most likely a combination of intrinsic scatter and the 
inhomogeneity of our sample. 

The anti-correlation between ^®Ni contribution and the 
decline rates can also be seen when the well known corre¬ 
lation between the plateau luminosity and the ®®Ni mass 
is plotted. Fig. ([SD shows the luminosity at 25 days af¬ 
ter explosion, L 25 , as a function of the ®®Ni mass. An 




















TABLE 3 

Correlations between various observables 


VNi 

Ae“ 

AM 25-75 “ 

tNi ^ 

T 25 " 

L 50 " 

L 76 " 

Mivi" 

V50 

ET‘= 

(oc VEMR) 

ET ■ V 50 
(oc ER) 

ET/uso 
(oc MR) 

VNi — 

N/A 

(-)0.003 

0.05 

N/A 

N/A 

N/A 

0.02 

N/A 

N/A 

N/A 

N/A 

Ae 

— 

< 10-"^ 

(-)0.04 

0.03 

0.06 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

AM25_75 


— 

(-)0.04 

3 ■ 10-4 

0.002 

0.06 

N/A 

0.06 

0.005 

0.02 

0.04 

t-Ni 



— 

N/A 

N/A 

N/A 

0.07 

N/A 

N/A 

N/A 

N/A 

L 25 




— 



0.06 

3 ■ 10-4 

< 10-4 

< 10-4 

< 10-4 

L 50 





— 


0.04 

10-3 

< 10-4 

< 10-4 

< 10-4 

L 75 






— 

0.008 

2 ■ 10-3 

< 10-4 

< 10-4 

< 10-4 

Mni 







— 

N/A 

0.03 

0.01 

0.05 


The significance of correlations between various observables derived in this paper. Minus sign, —in the table marks a significant anti¬ 
correlation.The values in the table are the probability that there is no ranked correlation (or anti-correlation) as obtained by Monte Carlo 
simulations in the following way. In each simulation we obtained 10^ realizations, each constructed of random pairings of the values in our 
sample (with no repetitions), and calculate the Spearman’s rank correlation coefficient of each realization. The [antijcorrelation significance 
is defined as the fraction of realizations that have a coefficient that is larger [smaller] than that of the actual observed sample. N/A represents 
very low correlation significance (probability of no correlation > 0 . 1 ). 

^ Correlations are calculated based on all the SNe in our two samples (24 SNe) 

^ Correlations are calculated based on all the SNe in the two samples with light curves that are sampled well enough and fNi is measured 
accurately (20 SNe; SNe 1992H, 1995ad, 2003Z and 2012aw have sparse data and are therefore excluded.) 

^ The correlations are calculated based only on the bolometric sample (all 13 SNe in Table fTl. SN 2012aw is excluded in the correlation 
with fNi due to sparse data. 

^ The correlations are calculated based only on SNe in the bolometric sample with measured U 50 (11 SNe with measured U 50 in Table m- 
SN 2012aw is excluded in the correlation with fNi due to sparse data. 
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Fig. 3.— A scatter plot of the measure of ^®Ni importance, 77 ^ 1 , 
as a function of Ae, L 50 , tivi ^-Lid Mjvi- Symbols are the same as in 
Fig. ([21l. In each panel only SNe used to calculate the correlation 
are included (see table 0. 77Ni shows no correlation with Ae, and 
L 50 while a marginally significant correlation is found with tj^ji and 
Mni- 

approximate linear relation i s seen, similar ly to the find- 
ing of previous works (e.g., iHamuvl [20031) . In order to 
show the relation to the ®®Ni contribution and decline 
rate, we use different symbols for SNe with different val¬ 
ues of AM 25 _ 75 . SNe that decline fast are significantly 
above those that decline slowly. Namely, for the same 
amount of ®®Ni fast declining SNe are brighter and thus 
have a smalle r ? 7 Ni. This is consistent with the results of 
IValenti et al.l ()2015D . Fig. ([ 6 ]) is similar to Fig. ([5]), but 



A M25_75 [mag/50 d] 

Fig. 4.— The measure of ®®Ni importance, 77Ni, as a function 
of the decline rate between days 25 and 75, AM 25 — 75 . Symbols 
are the same as in Fig. id. A clear anti-correlation, with a large 
scatter, is observed between r^Ni and AM 25 — 75 , indicating that 
^®Ni importance decreases the faster is the decline. 

with L 75 instead of L 25 . While fast declining SNe are still 
brighter on average at day 75 (for the same amount of 
^®Ni) , the difference from slow declining SNe is reduced, 
as expected. 

We have seen in section 3] that for SNe with a high 
value of 77Ni, ^®Ni must have an observable effect either 
via flattening the plateau or by extending it or, most 
likely, both. The significant anti-correlation between ryyji 
and AM 25-75 supports a picture were flattening is a ma¬ 
jor effect. This in turn requires ®®Ni to be mixed into a 
significant part of the envelope. The marginal correla¬ 
tion with fNi suggest that ®®Ni also extends the plateau, 
although not significantly. 

Next we examine the correlations of Ag, some of which 
are illustrated in figure [7l Ag probes the shape of Le, the 
light curve that we would have seen if there were no ®®Ni. 
It is larger when Le declines faster and/or when its dura¬ 
tion is shorter. Ag shows a very strong correlation with 
AM 25 _ 75 . This indicates that the observed decline rate 
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Fig. 5.— Bolometric luminosity at day 25 as a function of ®®Ni 
mass. SNe are marked according to their decline rates (see leg¬ 
end). The blue line shows a linear relation between L 25 and AFjvii 
normalized to fit the slowest declining SNe (The slow declining SN 
that is significantly below the lin eis SN 2009ib). The figure shows 
a strong luminosity-Mjvi linear correlation, where faster declining 
SNe are on average brighter than slow declining SNe with the same 

Mffi. 
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Fig. 6. — Bolometric luminosity at day 75 as a function of ®®Ni 
mass. SNe are marked according to their decline rates (see legend). 
Also marked is SN 1987A. The blue line shows a linear relation 
between L 25 and M]vi, normalized to fit the slowest declining SNe. 

is dominated by the cooling envelope emission. Namely, 
while ®®Ni most likely affect the decline rate it is not the 
source of the range of decline rates that are observed. 
Instead this range is dominated by the cooling envelope 
emission. Ag also shows a marginal anti-correlation with 
tNi suggesting that the variance that we see in plateau du¬ 
rations is at least partially determined by Le- Finally Ae 
is also correlated with the plateau luminosity. This corre¬ 
lation is most likely related to the correlation between th e 
decline rate and the luminosity (|Anderson et al.ll2014D . 
whose origin is still unknown. Other than that Ae shows 
no correlation to any other observable we examined. In¬ 
terestingly, this includes Mpfi and suggesting that 
the shape of Lg is not correlated with the ^®Ni amount 
in the ejecta or its importance in shaping the observed 
light. 

6 . CONSTRAINING THE PROGENITOR AND EXPLOSION 
PROPERTIES USING ET AND V 50 


Fig. 7.— A scatter plot of Ae, a probe the shape of the light 
curve that we would have seen if there were no ^°Ni, as a func¬ 
tion of AAf 25 _ 75 , 7/25 > ^Ni M^i. Symbols are the same as 
in Fig. I®. In each panel only SNe used to calculate the correla¬ 
tion are included (see table [Sjl. Ae shows a very strong correlation 
with AM 25 — 75 , a marginally significant correlation with L 25 and 
marginally significant anti-correlation with Ae shows no cor¬ 
relation with Mj^i. 

As discussed in ^ the total contribution of the cool¬ 
ing envelope to the (time-weighted) energy release, ET, 
can be directly obtained from observation without ma¬ 
jor uncertainties related to the details of radiative trans¬ 
fer. This observable is directly related to the explosion 
energy and proge nitor structure. This re lation was ex¬ 
plored recently bv iShiissman et aP (|201 (t[) . Here we use 
their results to study our bolometric sample (Table [T]) , 
fo r which we obta i ned a reliable measure of ET. 

iShussman et al.l (I2016D used a large set of numerically 
calculated red supergiants to study what ET can teach 
us on the progenitor and explosion energy. In general 
ET oc oc MRv where E, M, R and v are en¬ 

ergy, mass, radius and velocity that characterize the ex¬ 
plosion and the progenitor. Specifically they find three 
approximations, each for a different characteristic E, M 
and R: 

ET^{)A2 El[lR,^,Mll^ 

^ ^ Q.lbElilR^Mll^ ( 8 ) 

where Eexp is the total explosion energy carried by the 
entire ejecta to infinity, Eenv is the energy carried by the 
envelope to infinity, Mej [Menv] is the ejecta [envelope] 

mass, i?* the progenitor radius and i?env = is the 

mass weighted average radius of the envelope {dm is mass 
element of the progenitor at radius r). The quality of the 
approximations vary between the three. The reasons are, 
first, that the cooling envelope emission depends only on 
the envelope properties, and therefore approximations 
that use only envelope characteristics, the first two in 
equation |8l are more accurate than the third one, which 
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use global properties of the ejecta. Second, ET also de¬ 
pends on the internal structure (density profile) of the 
progenitor, thus the first approximation which takes it 
into account is better than the second one. Quantita¬ 
tively, the first, which depends on ifenv, Renv and Menv, 
is accur ate to within 20 % for all the progenitors consid¬ 
ered bv iShussman et all (|2016D . including those that lost 
almost all of their hydrogen envelope. The second ap¬ 
proximation, which depends on iJenv, R* and Menv is ac¬ 
curate to within 20 % for progenitors that retain most of 
their envelope, and to within a factor of 3 for progenitors 
that lost most of their envelope. The third approxima¬ 
tion, which depends on R* and Mej is applicable 

only to progenitors where Menv/Tfej > 0 . 6 , in which case 
it is accurate to within about 30%. 

Additional information can be extracted from ET for 
SNe wi th spectral measureme nts of the photospheric ve¬ 
locity. iShussman et al.l (j2016l l show that z; 5 o provides a 
good estimate of Uenv = \/ 2 i?env/Afenv, and when the 
ejecta is dominated by the envelope it is also a good ap¬ 
proximation of Uej = -\/2£'exp/A?ej. ThuS, ET ■ V 50 OC 
EenvR* OC i?exp.R* and ET/v^o OC cx 

In order to apply equation [5] to observations a reliable 
estimate of ET is needed, which in turn requires good 
bolometric light curve. Therefore we use here only the 
13 SNe in our bolometric sample (Table [T]). Fig. ([5]) de¬ 
picts scatter plots of L 25 with ET, ET ■ V 50 and ET/v^q, 
normalized by 0.18(EenvAIenv)^^^.R*, 0.26EenvI?* and 
0.13MenvI?*, respectively, where Eenv = 10 ®^ erg, i?* = 
5 OOi ?0 and Menv = IOMq. The logarithmic mean of all 
three is almost identical, 0 . 8 , suggesting that the canon¬ 
ical progenitor envelope values we used for the normal¬ 
ization are representative for this sample. The spread 
in the values is largest for ET ■ W 50 , about an order of 
magnitude, and smallest for ET/v^o, about a factor of 3. 
This suggests that unless there is an anti-correlation be¬ 
tween Menv and i?* (RSGs calculated by the stellar evo- 
lution code MESA do es not show such anti-correlation; 
IShussman et al.l[2016D . the spread is dominated by varia¬ 
tion of Eenv which in most progenitors is simil ar to Ep^rri- 
This s pread is consistent with the findings of iPoznanskil 
(j2013fl who found E^xp oc in a sample of SNe II-P 
with detected progenitors. 

The typical values that we find are similar to those 
found in estimates of Eexp, and i?* via detailed hy- 
drodynamical modeling of individual events in o ur sam¬ 
ple (s ee the references in Table [IJ. However, iHamuvl 
(|2003ll finds systematically larger explosion energies and 
ej ecta masses, an d lower progenitor radii. The estimates 
in IHamuvl (12QQ3D are based on gene ral numerical models 
(|Litvinova fc NadezhinI 1198311198511 that solve for E^xp, 
Mej and i?* based on three observables, L 50 (in V band), 
V 50 , and the plateau duration. These models ignore the 
®®Ni contribution and this can explain at least part of the 
discrepancy. As we find here, ^®Ni is affecting the plateau 
properties in most type H SNe. Our results show that 
®®Ni either flatten the plateau, in which case it is most 
likely contributes significantly to L 50 , and/or extends the 
plateau. Both effects, when ignored, cause overestimates 
of Eexp and M^j and an underestimate of i?*. 

Table |3] lists the correlation significance of ET, ET-v^o 
and ET/v^o with other observables. No correlation is 
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Fig. 8.— ET oc y/EMR^ ET ■ W50 oc ER and ET/v^q oc MR 
as a function of Z/25. The top panel includes the 13 SNe of the 
bolometric sample, while the two other panels include each 11 SNe 
of this sample that also have a measured ^50 (Table ^. Very 
significant correlations are seen in all three panels, suggesting that 
brighter SNe are more energetic and with larger mass and/or larger 
radii. 

found with 77 x 1 suggesting the ®®Ni relative contribution 
is most likely uncorrelated to the envelope properties and 
explosion energy. We do find however highly significant 
correlations with all luminosities (T 25 , T 50 and L 75 ; See 
for example Fig. El). This implies, again assuming no 
anti-correlation between Menv and R„, that brighter SNe 
are more energetic and more massive and/or with larger 
radius. This is consistent with the estimates based on 
hydrodynamical modeling for individual SNe (see the ref¬ 
erences in Tabled]). Finally, all three observables show a 
significant correlation with AM 25 _ 75 . This suggests that 
faster declining SNe have larger Eenv and larger Menv 
and/or i?*. Some of the implications of this correlation 
are discussed in the next sub-section. 


6 . 1 . Implications for the origin of type ITL SNe 

The progenitor properties of type H-L SNe is still 
unknown. The most common suggestion is that the 
fast decline is a result of a small envelope mas s . Thi s 
possibility was first speculated by iBarbon et al.l (|1979lj . 
Later, numerical simulations have shown that envelopes 
masses of ~ 1 — 3 Mf 7 ^ can produce the observed linear 
declin es fe.g.. iSwartz et al1ll991l: iBlinnikov fc BartunovI 
IT^ ; see however iMorozova et al.ll2015h . Our results 
of positive correlation between ET/v^o oc Mg^vR* and 
AM 25_75 does not support this picture. This correla¬ 
tion is evident in Fig. (jH]). It shows that Mg^vR* of fast 
declining SNe are larger by a factor of 2-3 compared to 
slow declining SNe. Thus, unless there is a strong anti¬ 
correlation between Menv and i?*, which contradicts pre- 
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Fig. 9.— ET oc y/EMR, ET ■ W 50 oc ER and ET/v^q oc MR 
(the same samples as in Fig. [HJ as a function of AM 25 — 75 . Corre¬ 
lations at varying levels of significance are seen in the three panels 
(99.5%, 98% and 96% from top to bottom). This suggests that 
fast declining SNe are more energetic and with larger mass and/or 
larger radii. This is in contradiction to the suggestion that the fast 
decline in type II-L SNe is a result of low mass hydrogen envelope. 

dictions of stellar evolution models, the envelope of fast 
declining SNe in our sample are at least as massive as 
those of slow declining SNe. Moreover, for 6 out of the 
11 SNe with estimate of there a re pre-explosion 

images of the progenitor (lSmartt]l2015D from which R t, 
can be estimated (see table 1 in iShussman et al.ll2ni6[l . 
The range of radii is small, about a factor of 2, and they 
show no correlation with AM 25 _ 75 . 

Another indication that faster decline is unlikely to be 
the result of a lower envelope mass is that if that were 
the case, the photospheric phase of fast declining SNe 
should have been much shorter. The reason is that for 
a given ejecta velocity the duration of the photospheric 
phase depends strongly on the ejecta mass (fast declin¬ 
ing SNe have similar U 50 to slow declining ones with 
similar luminosity). This can bee seen for example in 
iSwartz et al.l (1 19^1) and iBlinnikov fc BartunovI (fl993[ l 
who model type ITL SNe with low mass (1 — SMq) en¬ 
velopes, where for all these models ^Ni < 50 d. In our 
observed sample, on the other hand, is in the range 
of 90-140 d and very weakly correlates with AM 25_75 if 
at alQ- 

If, indeed, the envelope mass is not the main driver 
of the observed range of decline rates then what can it 
be? We show here that while ®®Ni most likely affects 

^ tNi in the sample is narrowly clustered around the mean (120 
d) where almost all SNe are in the range 110-140 d and no cor¬ 
relation with AM 25—75 is observed. The exception are three fast 
declining SNe, 1995ad, 2010aj and 2013by, which have Ini shorter 
by ~ 10 — 20 % than the average. 


the observed decline rate its effect is only secondary to 
that of the intrinsic cooling envelope emission, Lg. The 
temporal evolution of Le, in turn, is determined to a 
large extent by the pre-explosion density profile of the 
progenitor, we therefore speculate that the decline rate 
is determined mostly by the envelope structure and not 
by its mass. 


7. SUMMARY 

We explore the effect of ®®Ni on the photospheric emis¬ 
sion of type II SNe. We use energy conservation in a 
spherical outflow that expands homologously to derive 
a measure for the importance of ®®Ni (Eq. [5|). This 
measure is obtained by time weighted integrals over the 
bolometric light curve and ®®Ni decay energy deposition 
rate. As such it is insensitive to the complicated physical 
processes of radiative transfer and its accuracy depends 
mostly on the quality of the bolometric light curve. We 
use a similar method to derive a measure that depends 
purely on the light curve shape of the cooling envelope 
emission that would have been seen if there were no ®®Ni 
in the ejecta (Eq. [ 6 |). 

We compile from the literature a sample of 24 type 
II SNe with detailed bolometric and quasi-bolometric 
light curves of the photospheric phase and ^®Ni tail. The 
sample is heterogeneous, ranging over a factor of 30 in 
plateau luminosity and ®®Ni mass, and over a range of 2.5 
mag/lOOd in decline rate. Namely, the sample includes 
luminous, intermediate and low-luminosity type II SNe 
as well as SNe that were classified as ITP and as II-L. 
We analyze this sample, calculating the new observables 
that we derive here and find the following results: 

• ^®Ni contribution is significant in most of the sam¬ 
ple. In many SNe it is the source of about 30% 
of the time weighted integrated luminosity during 
the photospheric phase. But, there is a single SN 
(2009ib) in the sample where ^®Ni contributes 72% 
and several SNe where it powers about 10%. 

• ^®Ni contribution can possibly flatten and/or ex¬ 
tend the photospheric light curve. We find that if 
flattening were the only effect, then SNe that are 
observed to have a flat plateau would have shown 
a decline rate of about 1 mag /100 d in the absence 
of ^®Ni. If on the other hand the only effect of 
^®Ni were to extend the plateau, then without ®®Ni 
the photospheric phase would have been typically 
shorter by a factor of about 1.15-1.35 and in most 
extreme cases by almost a factor of 2 . 

• ^®Ni contribution cannot explain the entire range of 
observed decline rates, which is mostly an intrinsic 
property of the cooling envelope. 

Several independent lines of evidence suggest that the 
dominant effect of ®®Ni is flattening of the light curve. 
This includes a significant anti-correlation between the 
level of ^®Ni contribution and the decline rate (i.e., ®®Ni 
is more important in SNe with a flatter plateau). This is 
expected if ^®Ni is mixed throughou t a significant frac- 
tion of the envelope (as suggested bv iBersten et al.ir2011l 
for SN1999em). With this interpretation the picture 
that arises from our results is that flat plateaus are not 
a generic feature of cooling envelope emission. Instead 
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many observed plateaus includes a significant contribu¬ 
tion of ®®Ni, and without it many of the type II-P SNe 
would have shown a decline rate of up to 1 mag/100 d. 
Note that while not being expected a-priori, there is no 
need for a ‘conspiracy’ so the combination of cooling en¬ 
velope and ®®Ni emission would result in plateaus. First, 
type 11 SNe exhibit a range of decline rates, thus in some 
cases the combined emission produces a plateau and in 
others it does not. Second, it seems that even without 
®®Ni the cooling envelope emission often shows a moder¬ 
ate decline rate where the luminosity drops by less than a 
factor of two over 100 d. In these cases the contribution 
of ®®Ni is enough to make the light curve even flatter. 
The coincidence in type 11 SNe seems to be the fact that 
the contribution of cooling envelope and ®®Ni powered 
emission are comparable over a wide range of light curve 
luminosities. This is a result of the well known ti ght cor¬ 
relati on between the luminosity and ®®Ni mass (|Hamuvl 
l2003fl . which most likely reflects a correlation between 
the explosion energy and ®®Ni production. 

Finally, we do not find correlations between the level 
of ^®Ni contribution and most of the observed light curve 
properties, as well as other properties of the cooling en¬ 
velope emission. On the other hand, Ae, a property of 
cooling envelope emission alone, does correlate with the 
plateau luminosity and decline rate. This suggests that 
the many correlations seen between properties of type 
II light curve (Luminosity, velocity, decline rate, etc.) 
seem to be intrinsic properties of the cooling envelope 
emission. 

We use the method to remove the effect of ^®Ni on the 
integrated light curve to derive an observable measure 
of a combination of the progenitor radius, envelope mass 
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